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Abstract. For a new insight on the mechanical properties of oxide dispersion strength-
ened (ODS) steels from atomistic viewpoints, we have implemented molecular dynamics
simulations on the interaction between Y2O3 nanocluster and dislocation in bcc Fe. There
is so far no all-round interatomic potential function that can represent all the bonding
state, i.e. metal, ion and covalent systems, so that we have adopted rough approxi-
mation. That is, each atom in Y2O3 is not discriminated but treated as “monatomic”
pseudo-atom; and its motion is represented with the simple pairwise potential function
as same as Johnson potential for Fe. The potential parameters are fitted to the energy
change in the hcp infinite crystal, by using the ab-initio density functional theory (DFT)
calculation for explicitly discriminated Y and O. We have set edge/screw dislocation in
the centre of periodic slab cell, and approached it to the “YO” monatomic nano-cluster
coherently precipitated in bcc-Fe matrix. The dislocation behavior is discussed by chang-
ing the size and periodic distance of the nano-cluster. Among the many useful results, we
have obtained a conclusion that the edge dislocation is strongly trapped by YO sphere
larger than the diameter of d = 0.9 nm, while the screw dislocation shows various behav-
ior, e.g. it cuts through the precipiate without remarkable resistance if the dislocation
line tension is high, or it changes the slip plane leaving jogs at the position anterior to
the precipiate with loose line tension.
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1 INTRODUCTION
Oxide dispersion strengthened (ODS) steels are potential next-gen materials for fuel
cladding tubes at nuclear power plants. For the engineering application and further de-
velopments of desired steels, it is urgent to understand the key mechaism of their superior
properties against neutron irradiation and high temperature. Starting from the pioneer-
ing report for alloying elements and mechanical alloying process of ODS steels in 1989 [1],
experimental studies have revealed the relationship between internal microstructure and
mechanical properties [2], improvement of tensile and creep properties by extremely fine
Y-Ti-O clusters with Ti addition [3], quantitative evaluation of nanosized oxides [4], and
so on. So far the fine oxides, of a few nanometer size, are expected to prevent the free
dislocation motion; however, due to the complexity of mechanical alloying and recrys-
talization process, it is still difficult to show the direct evidence even with the recent
advancement of experimental technique such as TEM in situ test.
Computational approach would be one answer to tackle these difficulties. In the field of
physics of crystal plasticity, various dislocation-obstacle problems have long been discussed
using molecular dynamics (MD) and discrete dislocation dynamics (DDD) simulations;
and we have also discussed the dislocation motion in γ/γ′ microstructure in Ni-based su-
peralloys [5, 6]. However, there is no suitable potential function which can represent all the
bonding state, i.e. metal, ion and covalent systems with sufficient number of atoms needed
for deformation simulation. Of course the ab-initio density functional theory (DFT) cal-
culation can treat mixing of any atom species, however, the calculation is so far limited to
very small system at most a few hundred atoms. Thus quite a few atomistic simulations
can be found for ODS steels except for lattice Monte Carlo (LMC) simulation, in which
atom position is restricted on regular lattice site, so that the limited combination of lo-
cal bonding can be precisely determined by ab-initio DFT calculation. Alinger et al. [7]
performed the LMC simulation of Fe-Y-Ti-O system and discussed the structure and mor-
phology of precipitated nanocluster. Hin et al. [8] simulated more realistic precipitation
by kinetic LMC, considering the different diffusion mechanism (O atoms by interstitial
jumps and Fe and Y atoms by vacancy jumps). Both studies apply finer lattice mesh
than the usual bcc lattices and their results should be appreciated as accurate prediction
based on DFT data. However, we would confront to drastic increase in the combination
of local bonding if we applied these DFT-LMC analysis to many alloy elements system for
real ODS steel design. Moreover, we never apply these DFT-LMC scheme to disordered
structure, such as dislocations and grain boundaries, since we should consider enormous
mesh much more than the number of atoms involved. From an engineering point of view,
we need an atomistic simulator in which the potential functions have differentiable form
for dynamic simulation and they are also easy to fit for new elements interest. The 2-body
potential form is the simplest way and there are many resources fitted for various elements;
however, obviously we would fail to represent the bonding between oxygen and metallic
atoms if we fitted them separately in the 2-body form. Thus, in the present study, we don’t
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(b) hcp unit cell for monatomic "YO"
Figure 1: Rhombohedral unit cells for hcp structure.
distinguish the Y and O atoms in Y2O3 but treat as “monatomic” pseudo-atom of YO,
in the fitting of Johnson potential parameters against the DFT calculation for explicitly
discriminated Y and O. By virtue of this rough approximation, we can easily implement
atomistic simulation using conventional resources, e.g. Johnson potential parameters for
Fe, keeping the rough characteristics of oxides such as lattice parameters and bulk mod-
ulus. Although we cannot validate the physical meaning of the isolated pseudo-atom nor
discuss the formation and structure of new oxidation products, we can perform MD sim-
ulation on the interaction between edge/screw dislocation and oxide nano-cluster. In the
present study, we show the brief fitting process and MD simulations of edge/screw dislo-
cation approaching the nano-clusters coherently precipitated in bcc-Fe matrix, changing
the size and distances of precipitates.
2 POTENTIAL FITTING PROCEDURE
DFT calculations for potential fitting are implemented using the Vienna Ab-initio
Simulation Package (VASP) developed by Kresse and Hafner [9]. Although the Y2O3,
M2X3 type metal oxide, is reported to form the C-rare earth oxide structure [10], it is very
difficult to directly consider such a low-symmetric irregular structure by DFT calculation.
Thus we have roughly approximated the structure of Y2O3 by simple hcp lattice, which is
close to the corundum structure or the second candidate of M2X3 metal oxide. Figure 1
shows the rhombohedral unit cells for hcp lattice. The supercell for DFT calculation
has one Y-atom and one O-atom at the lattice point as shown in Fig. 1(a). Keeping the
atom position at the lattice point, or statically, we have changed the lattice parameter
a and performed DFT calculation to obtain the energy–lattice parameter curve. The
ultrasoft pseudopotential [11] is adopted and the exchange correlation term is treated in
the formulation of GGA (generalized gradient approximation) [12]. The cutoff energy and
number of k points are 296.9 eV and 15 × 15 × 15, respectively.





























Lattice parameter,  a,   [nm]
Figure 2: Free-energy curves against lattice expansion/compression by DFT calculation for discriminated
Y and O in the hcp structure and by Johnson potential fitted as monatomic YO mean-atom.
Table 1: Potential parameters for Fe and YO pseudo-atom.
Element Range [nm] C1 C2 C3 C4
0.19 < rij < 0.24 2.1960 3.0979 2.7041 7.4365
Fe 0.24 < rij < 0.30 0.6392 3.1158 0.4779 1.5816
0.30 < rij < 0.344 1.1150 3.0664 0.4669 1.5480
YO 0.19 < rij < 0.344 0.523 3.090 0.194 1.560
here rij is the distance between atoms i and j, and the potential parameter C1 ∼ C4
should be found for yttria oxide. We have expressed the infinite YO hcp crystal with
monatomic YO pseudo-atoms in Fig. 1(b) under the periodic boundary, and fitted its
energy change to the DFT result (Fig. 2). By this fitting process, the equilibrium lattice
length and the bulk modulus, or energy change rate against lattice expansion/compression,
are precisely represented for monatomic YO pseudo-atoms. On the Fe-YO interaction,
simple arithmetic average rule is adopted, i.e., (CFei +C
YO
i )/2. All the potential parameters
are listed in Table 1.
3 SIMULATION ON EDGE DISLOCATION
3.1 Simulation procedure
Figure 3 shows the dimensions and introduction of edge dislocation. The x, y and
z axes are orinented to the [111], [1̄12] and [1̄10] directions in the bcc structure. For
the precipitate–edge dislocation problem, we have replaced Fe atoms with YO ones, in
the sphere at the position shown in Fig. 3(a). That is, the precipitate has initially bcc
structure or coherently precipitated in the bcc matrix. Different sphere diameter d is
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(a) Dimensions of simulation cell
side view
(b) Initial configuration of edge dislocation
Figure 3: Simulation model for edge dislocation.
considered, i.e., 0.6, 0.9, 1.5, 3.0 and 5.0 nm. The edge dislocation is also introduced by
eliminating one atomic plane as shown in Fig. 3(b). The periodic boundary condition
is applied in the x and y axes, i.e. dislocation motion and line directions, while the z
boundary is basically free surface but also has restriction for deformation control. The
initial structure is relaxed by MD calculation of 100 000 fs under T = 10 K. Then, we
apply the small displacement of 1.0×10−6 nm at every MD step in the [111] direction
for upper z surface atoms and in the opposite for lower ones, in order to approach the
edge dislocation to the precipitate. For comparison, we have also performed same shear
simulation without precipitate. Furthermore, we have also implemented same simulation
with different cell length Ly in the y direction to check the effect of the periodic distance
between the precipitates. Note that the temperature is so far intentionally controlled to
very-low value since we would include not only the mechanical effects but also thermal
fluctuation under high temperature, and we couldn’t seperate the both effects if we had
started from high temperature.
3.2 Results and discussion
Figure 4 summarizes the result of simulations with the cell length of Ly=11.2 nm.
Fig. 4(a) shows the position of dislocation core while Fig. 4(b) does the shear stress, τzx,
on the simulation cell. The abscissa is time and the shear simulation starts from t = 0 fs.
The position of dislocation core is evaluated from the atoms with high energy as marked
in Fig. 5(a), one example of dislocation motion. In the figure, only the dislocation and
precipitate are visualized with a certain threshold for potential energy. Back to Fig. 4(a),
the dislocation begins to glide around t = 20 000 fs and reaches to constant speed before
t = 50 000 fs, if there is no precipitate anterior to the dislocation (thick solid line). The
shear stress also peaks out and shows constant flow stress at that point of steady motion
(Fig. 4(b)). In the case of the YO diameter of d = 0.6 nm, the position–time and stress–
time curves are very similar to those of without precipitate (dashed lines). That is, the
5
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(a) Time–position curves (b) Time–shear stress curves
Figure 4: Change in the core position and shear stress (edge dislocation, Ly = 11.2 nm).
(a) t=0 [fs] (b) t=60000 [fs] (c) t=66000 [fs]









Figure 5: Motion of edge dislocation on the slip plane (d = 1.5 nm, Ly =11.2 nm).
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Figure 6: Position–time curves with different periodic length between precipitates (edge dislocation).
edge dislocation receives no resistance from such small precipitates of d = 0.6 nm. On the
other hand, the dislocation motion is clearly affected by the YO precipitate larger than
d = 0.9 nm, as previously shown in Fig. 5 for d = 1.5 nm. In the approaching process, the
precipitate attracts the edge dislocation as shown in Fig. 5(c). On the other hand, the
edge dislocation should largely bend to unlock the pinning (Fig. 5(e)). Both of them are
the evidence that the YO precipitate has attractive effect on the edge dislocation. These
tendency becomes more remarkable with the precipitate size, as indicated Arrows ⃝1 and
⃝3 in Fig. 4(a). It is also noteworthy that the increased shear stress is first relaxed by
the collision of dislocation and precipitate as indicated Arrows ⃝4 in Fig. 4(b), while the
unlock stress of Arrow ⃝5 drastically increases with the precipitate size.
Figure 6 shows the position–time curves with different simulation cells of Ly = 4.9, 11.2
and 25.2 nm. Fig. 6(b) is identical to Fig. 4(a). On Fig. 6(a), there is no space between
YO precipitates of the diameter d = 5 nm in the smallest cell length Ly = 4.9 nm, so that
we omit the simulation. The diameter d = 3 nm might be still large for the cell length
Ly = 4.9 nm, since there is large oscillation around t = 150 000 fs where the trapped
dislocation is unlocked and proceeds again. With the larger periodic distance or larger
spacing between precipitates, the locked dislocation can largely bend. Thus the unlock
time becomes shorter as shown with Arrow in Figs. 6(b) and 6(c) with the help of line
tension of largely bent dislocation. On the other hand, the smallest precipitate d = 0.6 nm
is always similar to the case without precipitate, despite of the precipitate spacing.
4 SIMULATION ON SCREW DISLOCATION
4.1 Simulation procedure
Figure 7 shows the simulation model for screw dislocation. The slab cell looks like same
as the previous simulation; however, the slip plane is set normal to the [1̄12] direction
(y-axis) and periodicity is only set to the [111] direction (x-axis). As mentioned later, the
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(a) Dimensions of simulation cell (b) Displacement control for screw dislocation
_ b
2
Figure 7: Simulation model for screw dislocation.
screw dislocation tends to change the slip plane so that we adopt narrow periodic length
Lx = 5.2 nm as the standard length. Atoms in the upper and lower half of z < 3.26 nm
from the front edge (Area ⃝1 ) are alternately shifted in the x-axis, with the magnitude of
b/2 (b; Burgers vector). Atoms in Area ⃝2 are also linearly shifted to connect the slipped
and non-slipped area. As same as the previous simulations, the initial configuration is
relaxed with 100 000 fs MD calculation under T = 10 K, for both cases with and without
YO precipitate. The maximum diameter of the precipitate is d = 3 nm. Then, small
displacement of 3.0 × 10−6 nm is applied in the [111] and [1̄1̄1̄] directions alternately on
the upper and lower surfaces of the cell, to proceed the screw dislocation by the xy shear.
4.2 Results and discussion
Figure 8 shows the position–time and shear stress-time curves in the cell width of
Lx = 5.2 nm. The horizontal dashed line in Fig. 8(a) indicates the center of YO precipitate.
Also, the vertical broken lines in Figs. 8(a) and 8(b) mark the same time points. Contrary
to the edge dislocation, there is no remarkable difference even with the large (d ≥ 0.9 nm)
precipitate. Figure 9 shows one example of dislocation motion in the simulation of d =
1.5 nm. Despite of the similar line tension as the previous Fig. 6(a), the screw dislocation
feels no resistance to cut through the precipitate, leaving high energy atoms around the
YO atoms. On the other hand, if we use the wider simulation cell of Lx = 10.4 nm,
the dislocation shows various motion as indicated in the position of dislocation core in
Fig. 10(b). Here Fig. 10(a) is identical to Fig. 8(a). The mechanism for the variation in
Fig. 10(b) is different case by case; for example, the screw dislocation changes its slip
plane and drags the jog-like high energy atoms at the point far away from the precipitate,
and passes the precipitate–matrix interface as shown in Fig. 11 of d = 0.9 nm. In the
case of d = 3.0 nm, the screw dislocation does change the slip plane too, but is attracted
and trapped by the precipitate and leaves Orwan loop like defect around the precipitate
8
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(a) Time–position curves (b) Time–shear stress curves
Figure 8: Change in the core position and shear stress (screw dislocation, Lx = 5.2 nm).
(b) t=56000 [fs] (c) t=58000 [fs]
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Figure 10: Position–time curves with different periodic length between precipitates (screw dislocation).
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(b) t=48000 [fs] (c) t=54000 [fs] (d) t=60000 [fs] (e) t=64000 [fs] (f) t=65000 [fs]
Figure 11: Motion of screw dislocation (Lx=10.4 nm, d = 0.9 nm).
(a)t=51000 [fs] (b)t=57000 [fs] (c)t=68000 [fs] (d)t=69000 [fs] (e)t=71000 [fs] (f)t=73000 [fs]
top view
side view
Figure 12: Motion of screw dislocation (Lx=10.4 nm, d = 3.0 nm).
(Fig. 12). Thus, it is difficult to obtain a clear tendency for the interaction between screw
dislocation and YO precipitate. In addition, it also should be noted that the present
model for screw dislocation has a large difference against the previous edge dislocation;
that is, the simulation cell is not periodic in the glide direction and might be too small
to mimic the dislocation motion in bulk. In this manner, more sophisticated model is so
far needed for screw dislocation, and the present report could be a help for refinement.
5 CONCLUSIONS
We have performed various molecular dynamics simulations on the interaction between
edge/screw dislocations and nanosphere of yttria oxide in bcc Iron, targetting the phenom-
ena in oxide dispersion strengthened (ODS) steels. Since there is no all-round interatomic
potential functions that can represent all the bonding state, i.e. metal, ion and covalent
systems, we have adopted rough approximation that each atom in yttria oxide is not dis-
tinguished but treated as “monatomic” pseudo-atom, and its motion is represented with
the simple pairwise potential function as same as Johnson potential for Fe. The potential
parameters are fitted to the energy change in the hcp infinite crystal, by using the ab-
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initio density functional theory (DFT) calculation against explicitly discriminated Y and
O. We have observed various dislocation behavior by changing the diameter and periodic
distance of the coherently precipitated YO cluster using a periodic slab cell. Although it is
also clarified that we might need refinement of the simulation model for screw dislocation,
still we have obtained many useful insight on the dislocation/yttria oxide interaction, e.g.
(1) YO cluster larger than 0.9 nm strongly attracts and traps edge dislocation, (2) highly
tensioned screw dislocation easily cut through the precipitate without resistance, and (3)
loose screw dislocation shows complicated behavior by changing the slip plane, at the
point far away from the precipitate.
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